Tumstatin (Tum) is a powerful angiostatin that inhibits proliferation and induces apoptosis of tumorous vascular endothelial cells. A nonpathogenic and anaerobic bacterium, Bifidobacterium longum (BL), selectively localizes to and proliferates in the hypoxia location within solid tumor. The aims of this study were to develop a novel delivery system for Tum using engineered Bifidobacterium and to investigate the inhibitory effect of Tum on tumor in mice. A vector that enabled the expression of Tum under the control of the pBBADs promoter of BL was constructed and transformed into BL NCC2705 by electroporation. The mouse colon carcinoma cells CT26 (1 Â 10 7 /mL) were subcutaneously inserted in the left armpit of BALB/c mice. The tumor-bearing mice were treated with Tum-transformed BL, and green fluorescent protein (GFP)-transformed BL was used as a negative control. The microvessel density (MVD) in the transplanted tumor was determined, and terminal deoxynucleotidyl transferase-mediated 2 0deoxyuridine 5 0 -triphosphate nick end labeling was used to detect apoptosis of vascular endothelial cells in transplanted tumor. The in vitro expression of Tum was examined in BL after L-arabinose induction. Bifidobacterium longum with pBBAD-Tum (BL-Tum) showed significant antitumor effect in tumor-bearing mice. The weight, volume, growth, and MVD, as well as the percentage of apoptotic vascular endothelial cells of transplanted tumors in the tumor-bearing mice treated with Tum-transformed BL were all significantly lower than those in the GFP negative control group. Intragastric administration, injection in tumor and vena caudalis injection of Tum-transformed BL exerted marked antitumor effects in tumor-bearing mice. This is the first demonstration of the utilization of Tum-transformed BL as a specific gene delivery system for treating tumor.
Introduction
Recent studies have shown that vascular angiogenesis is required for the growth of tumors. 1 Uncontrolled angiogenesis plays an important role in tumor growth, 2 and newly formed blood vessels mediate tumor metastasis. 3, 4 Uncontrolled angiogenesis is required for tumor growth, which is a result of the imbalance between the amounts of growth factors and growth inhibition factors. 5 Tumstatin (Tum) is the most potent among all the known endogenous angiogenesis inhibitors such as restin, angiostatin, endostatin, and canstatin. 6 It is a 28-kDa protein from the C-terminal NC1 fragment of type a3 (IV) collagen, and a basement membrane collagen found in kidney, lung, testis, and other vascular basement membrane. 1, 7 Tumstatin specifically inhibits proliferation and induces apoptosis of endothelial cells by interacting with avb3 integrin, 8 which inhibits the activations of focal adhesion kinase and phosphatidyl-inositol 3 kinase, leading to the blockage of integrin-mediated cyclic adenosine monophosphate-dependent protein synthesis. Tum directly activates the PTEN/Akt pathway and inhibits the growth of tumors. 9 Specifically, Tum inhibits m7GpppN-dependent protein translation and the proliferation of endothelial cells. Functional peptides of Tum can also inhibit the proliferation of tumor cells. 10 Tumstatin specifically induces the apoptosis of endothelial cells 11 and enhances caspase 3 activity by 1.6 to 1.7-fold in endothelial cells. The activation of caspase 3, an endogenous protease, initiates the degradation of cell components and the activation of proteins responsible for DNA repair, which further accelerates the cell disintegration process. However, Tum has no effect on caspase 3 activity in cell types other than endothelial cells, indicating that the induction is endothelial cell specific. Previous studies have shown that Tum has a broad spectrum of antitumor activities and has clear inhibitory effects on the growth and metastasis of lung cancer, B16 melanoma, prostate cancer, osteosarcoma, ovarian cancer, renal cancer, gastric cancer, colon cancer, and other tumors. 12 Tumor cells grow autonomously and much faster than the formation of new blood vessels. This leads to inadequate nutrition and oxygen supplies for the new blood vessels. Thus, some tumor cells have a low blood flow and form a hypoxia necrosis area. 13 This is the theoretical basis for using Bifidobacterium as a vector mediating gene transfer in cancer therapy. 14 Bifidobacterium is nonpathogenic and anaerobic. It can selectively localize to and proliferate in the hypoxia locations in humans and other warm-blooded animals. 15 Bifidobacterium subspecies are therefore the most suitable hosts (carriers) for the delivery of antitumor gene for tumor therapy in humans. Recently, genetically engineered Bifidobacterium is used as an exogenous gene delivery tool for cancer therapy. [16] [17] [18] [19] Bifidobacteria are administered orally as vehicles for the delivery of agents to systemic tumors. 20, 21 In this study, we established a novel Tum delivering system by constructing an Escherichia coli-Bifidobacterium shuttle vector. The in vitro expression of human Tum in Bifidobacteria was analyzed, and the therapeutic effects were evaluated. This is the first demonstration that Bifidobacterium longum (BL) can be utilized as a specific system to deliver Tum for treating tumors.
Materials and Methods

Reagents
The BL strain NCC2705 was kindly provided by the Nestle Research Center (Lausanne, Switzerland). Restriction endonucleases BpiI and XbaI, polymerase, and T4 DNA ligase were purchased from MBI Fermentas Inc (Vilnius, Lithuania). The complementary DNA of Tum was synthesized by Shanghai Sheng-Gong Biological Engineering Technology and Services Ltd (China). Protease and phosphatase inhibitor cocktails were purchased from Roche, USA. The CT26 mouse colon cancer line was obtained from American Type Culture Collection (Manassas, Virginia). Polymerase chain reaction (PCR) primers were synthesized by Shanghai Sheng-Gong Biological Engineering Technology and Services Ltd (China).
Plasmid Construction, Transformation, and Screening
The pBBAD/Xs plasmid is a shuttle vector between E coli and BL. 22, 23 We constructed the Tum expression vector pBBAD-Tum (pBBAD/Tum) by replacing the GFP gene in plasmid pBBAD-GFP 22 with the Tum gene at BpiI and XbaI sites (Gen-Bank accession no. AF258351; Figure 1A ). Plasmids pBBAD-Tum and pBBAD-GFP were transformed into B longum NCC 2705 using electroporation with a Gene Pulser and Pulse Controller apparatus (Bio-Rad, Hercules, California) at 2.5 kV, 25 Mf, and 200 O. 22 The transformed bacteria were plated on 24 MRS agar supplemented with 0.05% L-cysteine and 100 mg/ mL ampicillin, and incubated anaerobically at 37 C for 48 hours. Colonies were selected and cultured for 48 hours in MRS broth containing 100 mg/mL ampicillin. Positive clones of B longum with pBBAD-Tum (BL-Tum) were identified using PCR to amplify the target gene Tum (P1: 5' GGT GGT GAA GAC TCT GCG CCA GGT TTG AAA 3'; P2: 5'GGT GGT ACT AGT TCA CAG ATC CTC TTC TGA GAT GAG 3'). The morphology of B longum containing pBBAD-GFP (BL-GFP; Figure 1C ) 22 has been described previously. 23 
Induction of Gene and Protein Expression In Vitro
Transformed bacteria were cultured in Bifidobacterium agar (BYG) broth supplemented with 100 mg/mL ampicillin at 37 C. Expression of target genes was induced with 0.2% L-arabinose (Invitrogen Inc, Carlsbad, California) when optical density at 695 nm of the bacterial suspension reached 0.6. Supernatants and bacterial pellets were collected after continuous culture for 12, 24, and 36 hours, respectively, and stored at À70 C till analysis. Proteins were concentrated from the culture supernatants of the transformed B longums as described previously 23 and separated on 15% sodium dodecyl sulfatepolyacrylamide gel electrophoresis gels. The Tum and GFP protein expressions were examined using Western blot analysis with a monoclonal antibody directed against Tum (1:1000; Santa Cruz Biotechnology, USA) and a primary monoclonal antibody directed against GFP (1:1500, Santa Cruz Biotechnology), respectively. The 29-kD Tum band was quantified using Quantity One (Bio-Rad).
Murine Colon Adenocarcinoma CT26 Cell Culture
CT26 cells were cultured in high-glucose Dulbecco modified Eagle medium (Gibco, USA) supplemented with 10% heatinactivated fetal calf serum (Gibco), 1% penicillin-streptomycin (Invitrogen) and 1% glutamine at 37 C in an incubator supplemented with 5% carbon dioxide. CT26 cells were removed from culture dishes 72 hours after inoculation with 0.25% parenzyme, washed 3 times with phosphate-buffered saline (PBS), and then passaged.
Animals and Experimental Design
Six-week-old male BALB/c mice that weighed 18 to 20 g were obtained from Guangdong Medical Animal Center and kept at 22 C in a room with controlled 12-hour light-dark cycle and free access to standard rodent chow. To establish tumorbearing mice models, hypodermic injections of CT26 cells were carried out at the left armpits of 60 mice with 1 Â 10 6 cells in 0.1 mL PBS each. The tumors in the left armpits were allowed to grow to up to 4 cm in diameter. The tumor-bearing mice were injected with constructs within day 1 to 9 after CT26 cells when the tumors in the left armpits were about 4 cm in diameter within the first day to the ninth day. Mice were randomly assigned to 9 groups. Six groups with 10 mice in each were used as the control groups or tumor-bearing controls. The 3 control groups were inoculated with BL-GFP 0.
mL PBS was injected into tumors or vena caudalis (oral [OR]-PBS, injected into tumors [INT]-PBS and into vena caudalis
[INV]-PBS). Ten mice were inoculated with 1 Â 10 9 BL-GFP in 0.2 mL PBS (OR-BL-GFP groups) through an OR-gastric tube. The same dosage was injected into tumors for the 10 mice in the INT-BL-GFP group, and into vena caudalis for the 10 mice in the INV-BL-GFP group every other day for 30 days, respectively. The other 3 treated groups (OR-BL-Tum, INT-BL-Tum and INV-BL-Tum) of 10 mice each were administrated with BL-Tum (1 Â 10 9 in 0.2 mL PBS) induced with 0.2% L-arabinose for 24 hours through the same interventions as mentioned earlier. All mice were killed by cervical dislocation and examined as described subsequently. All animal experiments were reviewed and approved by the Guangdong Animal Medical Ethics Committee, China.
Tumor Assessment
Tumors were assessed for the degree of growth inhibition and evaluated histologically. Thirty days after bacterial treatments, the mice were killed, the tumors were excised, weighed, and the volumes were calculated (tumor volume ¼ ðwidthÞ 2 Â length Â 0:52Þ. 24 The degree of tumor growth inhibition was determined using the formula (weight of tumor in control group À weight of tumor in treatment groupÞ=weight of tumor weight in control group Â 100%. 13 Tumors were then fixed, paraffin embedded, sectioned, stained with hematoxylin and eosin, and examined under a microscope with a 100Â objective.
Assessment of the Density of Veins in Tumor
At the end of the treatment, tumor specimens were histologically examined for microvessel density (MVD). The Gramstained section was evaluated for BL-GFP or BL-Tum. The MVD of tumor tissue was assessed according to the method of Weidner et al. 25 The immuno-stained sections were initially screened at low magnification (40Â) to identify hot spots, which were the areas with the highest levels of neovascularization. Endothelial cells or endothelial cell clusters that were stained yellow-brown and clearly separated from adjacent microvessels, tumor cells, and other connective tissues were considered countable microvessels. Within the hot spot, the stained microvessels were counted in a field under high magnification (200Â), and the average vessel count in 3 hot spots was considered the value of MVD. All counts were performed by 3 investigators in a blinded manner. Microvessel counts were compared among the observers and discrepant results were reassessed. The consensus was used as the final score for analysis.
In Situ End Labeling
Apoptosis of tumor cells and vascular endothelial cells were measured with in situ end labeling (Chemicon, USA) according to the protocol provided by the manufacturer and examined under a microscope with a 400Â objective. The apoptotic rate was calculated as the percentage of terminal deoxynucleotidyl transferase-mediated 2 0 -deoxyuridine 5 0 -triphosphate nick end labeling (TUNEL)-positive cells in tumor cells in each field. The nuclei of the TUNEL-positive cells were brown under bright field. The percentage of apoptotic cells was obtained from a total of 500 cells. For each slide examined, 4 nonoverlapping fields were examined and the average percentage was calculated.
Statistical Analysis
All data were expressed as mean + standard deviation and analyzed using software SPSS 13.0. Following the assurance of normal distribution of data, 1-way analysis of variance was used for multiple comparisons, and unpaired Student t test was used to evaluate the level of statistical significance between 2 groups. Difference with a P value of less than .05 was considered statistically significant.
Results
Identification of BL-Tum by PCR
The pBBAD-GFP and pBBAD-Tum plasmids were confirmed by restriction endonuclease digestion ( Figure 1A, A 0 , B, and  B 0 ). The Tum gene in BL-Tum was identified by PCR. An 800 base pair (bp) fragment of Tum gene was amplified from plasmid BL-Tum ( Figure 1C ). No fragment was amplified from BL-GFP using the same primers.
Detection of In Vitro Tum Gene Expression in BL-Tum
The expression of GFP was detected intra-and extracellularly in E coli harboring pBBAD-GFP (Figure 2A and A 0 ). Coomassie brilliant blue staining and Western blot analysis showed that a 27-kDa protein was in the cell lysate but not in the cell lysate of wild type E coli after induction. Similarly, a 29-kDa protein of Tum was detected in the cell lysate of E coli harboring pBBAD-Tum but not in the cell lysate of E coli harboring pBBAD-GFP after induction ( Figure 2B ). The expression of Tum was also detected in BL-Tum using Western blot analysis ( Figure 2B 
Effects of BL-Tum on Tumor-Bearing Mice
All mice in groups treated with BL-GFP had severe cachexia during the later period of treatment ( Figure 3A) . The mice in groups treated with BL-Tum also displayed cachexia, but metastasis was not observed. Compared with those in the BL-GFP-and PBS-treated groups, the transplanted tumors in the BL-Tum-treated groups grew slower with smoother surfaces. The surfaces of part of the tumors appeared more necrotic, infected, and metastatic in the livers of the mice in the BL-GFP-treated groups ( Figure 3B The sparing buff-stained tumor cells were clear in the BL-GFP-treated groups (Figure 6A , C, and E) and the PBS-treated groups (Figure 6A -0, C-0, and E-0). And there were more significant increases in the amount of tumor cells and vascular endothelial apoptosis cells in the BL-Tum treatment groups (Figure 6B, D, and F) , INT-Tum treatment groups, and INV-Tum treatment groups (Figure 6D and F) than those in the control groups. The percentages of apoptotic cells also increased more significantly in the INV-BL-Tum group, INT-BL-Tum group, and OR-BL-Tum group than those in the INV-PBS and INV-BL-GPF group, the INT-PBS and INT-BL-GPF group, and the OR-PBS and OR-BL-GFP group, respectively (P < .05; Figure 6G ).
All indices examined earlier were not significantly different between PBS-treated and BL-GFP-treated mice (P > .05)
Discussion
Our results of the examination of transplanted tumor volume and histological changes at both macroscopic and microscopic levels showed that Tum inhibited the growth of tumors, and that this inhibitory effect was due to the transgenic expression of Tum and the protection of the BL vector, because the expression of GFP in the control groups failed to exhibit similar effects.
Tumstatin mainly targets vascular endothelial cells. 26 It inhibits endothelial cell proliferation, migration, apoptosis, and angiogenesis. 27 In colon carcinoma murine models, Tum therapy significantly inhibits tumor growth by blocking tumor angiogenesis and promoting tumor cell apoptosis. 28 Tum inhibits overall protein synthesis posttranscriptionally. So Tum is a promising therapeutic candidate in the control of tumor angiogenesis and growth.
We have previously reported a novel OR delivery system of objective genes (oxyntomodulin, hIL-10, and IL-12) using genetically engineered Bifidobacteria as carriers. 23, 29, 30 Bifidobacterium is an anaerobic bacterium capable of remodeling the microbial population in the gut. Therefore, Bifidobacterium may be the most suitable carrier of human gut hormone gene expression and secretion in the intestinal tract for tumor therapy. It has been shown that Bacilli not only remain but also proliferate in the tumor tissue and reduce the occurrence of colorectal cancer. 31 Because BL, as an anaerobic bacterium, is easier to colonize and multiplies in the tumor, it is a better vector and an effective tool for inhibiting tumor growth. Bifidobacteria longum has hypoxic metabolic characteristics and can localize and proliferate in hypoxic zone. 32 Thus, it can transfer targeting gene into solid tumors and exert antitumor functions. The progression of tumor growth was indeed tilting the balance toward proangiogenic tumor microenvironment comprised of hypoxia and increased growth-promoting factors/cytokines. Oxygenation was significantly lower in the tumor, and the mionectic section provided a suitable habitat for BL.
Bifidobacteria inhibit the occurrence and development of tumors through 3 mechanisms. 33, 34 First, Bifidobacteria affect the metabolisms of intestinal flora. Bifidobacteria inhibit the activities of glucuronidase and azoreductase as well as the production of carcinogens. Also, they promote the production of acetic acid and lactic acid by activating the 6-phosphate fructose fermentation pathway. The promotion in the production of these acids results in a lowered intestinal pH, which helps to promote peristalsis, accelerates catabolism, and reduces the exposure of intestinal epithelium to carcinogens. 35 Second, Bifidobacteria activate the immune system and promote the antitumor activities of macrophages, natural killer cells, and B lymphocytes. [36] [37] [38] [39] [40] Bifidobacteria and their cellular metabolites activate the murine peritoneal macrophages; promote the production of interleukin (IL)-1, hydrogen peroxide, nitrogen oxide, IL-6, and tumor necrosis factor (TNF); and significantly enhance the killing effects of activated macrophages in vitro. Third, Bifidobacteria inhibit mutagenesis and induce apoptosis of tumor cells. Bifidobacteria help the hosts to maintain DNA integrity and genetic characteristics, as well as to prevent gene mutations, and thus ensure phenotype stability of host cells and prevent the occurrence of tumors. 13, 41 In addition, Bifidobacteria upregulate the expression of bax gene and downregulate the expression of bcl-2 gene. The increase in the ratio of bax/bcl-2 gene expression has been shown to induce the apoptosis of tumor cells. 42 Moreover, Bifidobacteria may also inhibit the activities of PTK, PKC, and nuclear factor kB in tumor cells. 43 We also explored other potential mechanisms by which BL-Tum, as a therapeutic mean for tumor-bearing mice, inhibited the transplanted tumor growth and diverted to change the MVD in transplanted tumor. Treatment with BL-Tum elicited a significant reduction in transplanted tumor, and the inhibition of tumor growth was likely associated with a reduction in MVD. In contrast, the levels of MVD varied in animals treated with BL-GFP. These data showed that BL-Tum had antiangiogenic action, which might be due to the major effect of proteins against tumor growth. In our study, the MVD of tumor was significantly reduced in the BL-Tum-treated group compared with the BL-GFP-treated control group. The more conspicuous tumor growth inhibitory effect in the INT-BL-Tum group than in the INV-BL-Tum or OR-BL-Tum group indicated that the Tum expressed in the tumor was active and inhibited tumor angiogenesis, which led to the inhibition of tumor endothelial cell proliferation and significant suppression of the growth of transplanted tumor. Therefore, the inhibiting effect of Tum might suppress tumor angiogenesis and indirectly inhibit the growth, infiltration, and metastasis of tumors. Our result also showed that BL-Tum injected into the tumor was more beneficial for BL to proliferate and to reach the hypoxia tumor and that Tum expression alleviated tumor immune response of the whole body. The stomach acid in OR administration may kill the party of BL-Tum in the OR-BL-Tum. The INV-BL-Tum may not be easily partially absorbed and have sufficient expression.
On the other hand, the straightly injected tumor might have brokendown cell membrane and increased osmotic fragility, causing more damage to the tissue. These results agree with our previous observation that Tum, as a recently developed endogenous vascular endothelial growth inhibitor, has antiangiogenesis and antineoplastic functions. 44 Besides the antitumor effects, BL-Tum promotes the apoptosis of tumor cells. Our findings demonstrated that the percentage of apoptotic vascular endothelial cells in the transplanted tumors were significantly higher in the BL-Tum treatment group than that in the control group. TUNEL stain also revealed that BL-Tum treatment induced apoptosis in tumor cells.
In conclusion, our study demonstrated the successful delivery and efficient expression of Tum using Bifidobacterium harboring Tum, and the Tum protein inhibited the growth and MVD of transplanted tumor in tumor-bearing mice. Although several Bifidobacterium-E coli shuttle vectors have been constructed in the recent years, only some expressed foreign genes successfully. [35] [36] [37] [38] [39] [40] Our findings provide a novel therapeutic tool for treatment of cancer. We believe that this novel tumor targeting approach using BL could be useful for therapy of solid tumors.
